Abstract-A new efficient method for broadband antenna characterization from phaseless acquisitions in the frequency-domain (FD) is presented. The phase-retrieval technique is based on an extrapolation of the off-axis indirect holography. In common with the conventional approach, the power of the interferometric field of the antenna under test (AUT) and a reference antenna, whose field is known in advance, as well as the power of the AUT alone, is measured at the desired frequencies. Nevertheless, the phase retrieval is accomplished independently at each spatial point by filtering in the time-domain (TD) rather than in the k-space. Thus, the dependency of the phase retrieval on the position accuracy is reduced and it can be accomplished simultaneously at all frequencies without resorting to iterative schemes. Moreover, it yields a less dense sampling and a phase-retrieval algorithm not dependent on the geometry of the acquisition. The method is illustrated with a numerical example in the W -band as well as with two near-field (NF) measurement examples in the Ka-and W -bands.
I. INTRODUCTION

B
ROADBAND antennas have attracted great attention in the last years due to their applications in fields such as radar, multichannel frequency communications, ultrawideband systems, etc.
Different measurement techniques have been developed in order to accurately characterize broadband antennas; these methods can be classified fundamentally into time-domain (TD) and frequency-domain (FD) methods [1] .
There are different approaches to perform measurements in the TD, being pulse generator-based systems the main one [2] - [4] . The dynamic range of these systems may not be sufficient, especially if network analyzers with TD modules are used to generate the signals. Thus, the distance between the antenna A. Arboleya, J. Laviada, Y. Álvarez, and F. Las-Heras are with the Departamento de Ingeniería Eléctrica, Universidad de Oviedo, Gijón E-33203, Spain (e-mail: aarboleya@tsc.uniovi.es; jlaviada@tsc.uniovi.es; yalopez@tsc.uniovi.es; flasheras@tsc.uniovi.es).
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under test (AUT) and the probe antenna has to be reduced [3] . Specific formulation for planar near-field (PNF) measurements in the TD has been developed [5] , [6] alleviating this problem.
The main advantages of TD measurements are: 1) the reduction of the reflections caused by mismatch and multipath by means of time gating techniques; 2) simple equipment setup; and 3) efficiency, as the antenna can be characterized for all frequencies from one spatial acquisition [2] .
On the other hand, these methods present some disadvantages such as: 1) excessive acquisition time for complete three-dimensional (3-D) characterization of antennas; 2) presence of ringing patterns in the TD for narrowband antennas; and 3) reduction of the signal-to-noise (S/N) ratio and, consequently, the measurement accuracy, caused by the decay of the pulse spectrum at higher frequencies.
The previous methods in the TD require acquisitions of amplitude and phase data, at least for near-field (NF) measurements, to compute the far-field (FF) pattern. The instrumentation needed for those complex acquisitions is more expensive than the one required for phaseless acquisitions.
Additionally, phase acquisition can be complicated at mmand sub-mm-wave frequencies or in environments with poor thermal stability [7] , [8] . Furthermore, errors due to cable flexing [9] or the accuracy of the positioners [10] become more relevant at higher frequencies.
FD techniques are the most employed for conventional antenna measurement [7] - [13] . Moreover, several methods based on wave expansions or equivalent currents for different acquisition geometries have been developed [14] - [16] for NF and FF acquisitions.
The main advantage of FD antenna characterization is the high accuracy and the number of the available techniques. On the other hand, broadband antenna analysis with conventional FD techniques could be very time-consuming for a high number of frequencies as data have to be independently acquired and processed for each of the analyzed frequencies.
Opposite to the TD techniques, several phaseless antenna characterization methods have been developed in the FD. These methods are divided into two main families: iterative and interferometric phase-retrieval methods.
Iterative methods are based on the acquisition of amplitude data in at least two independent surfaces [16] , [17] . The phase of the field in each surface is retrieved after an iterative process. Those systems are very popular because they involve minor changes in the measurement system, nevertheless, main disadvantages are the stagnation problems and the high acquisition time, as two or more acquisition surfaces are needed.
Interferometric phase-retrieval techniques are based on the knowledge of a reference field (amplitude and phase) that is 0018-926X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
combined with the AUT field, creating an interference pattern that makes possible the retrieval of the phase of the AUT in the spatial frequency domain [18] - [23] . These interferometric techniques were originally introduced by Gabor in the optics field [24] and adapted to work with an off-axis reference signal by Leith and Upatnieks [25] , thus are usually referred to as Leith-Upatnieks or indirect off-axis holography. Accuracy of these indirect holography methods can be limited by errors in the characterization of the reference source and the overlapping between the spectra of the reference antenna and the AUT. A complete analysis of error sources can be found in [7] , nevertheless, the use of synthesized reference sources and modified holograms allows for an error reduction and a better performance of the phase-retrieval algorithms [22] .
Other authors have developed hybrid methods based on the use of a modified probe [26] . This probe is composed by two identical antennas placed at a fixed distance and interfering each other through a microstrip circuit. The phase retrieval is performed by means of a minimization procedure of the phase difference between both probes for all frequencies. Although the hybrid method can be applied to wideband antenna characterization, it requires a fixed sampling rate determined by the separation of the probes. Besides, the use of nonlinear minimization may suffer from local minima stagnation [27] . Separation of the antennas must be larger than half a wavelength to avoid coupling, hence several acquisition subsets have to be combined. Thus, the quality of the positioning, which is a handicap at mm-wave band and above, is expected to have an impact in the final result.
The proposed technique is an FD method capable of phaseless broadband antenna characterization. As it is based on off-axis holography, it is necessary to perform two amplitudeonly spatial acquisitions to obtain the hologram and the squared amplitude of the AUT, providing the reference antenna is previously characterized.
In conventional off-axis holography, the phase is retrieved simultaneously for all the points of the measurement grid, after finishing a complete spatial acquisition, by filtering one of the terms of the hologram in the k-space. After that, the operation is repeated for each frequency. In contrast, for the proposed method, the phase is retrieved in the following way: for each spatial point in the measurement grid, a frequency sweep is performed and the hologram is obtained in the FD. Then, the phase retrieval is done, simultaneously for all the frequencies at that specific grid point, after filtering the desired term of the hologram in the TD and removing the effect of the reference antenna (a detailed explanation is given in Section II).
The main advantages with respect to the conventional method are following.
1) The phase of the AUT is retrieved point-by-point, hence the accuracy of the positioners is not as relevant as in conventional techniques, and the method can be applied to mm-and sub-mm-wave bands antenna characterization with reduced uncertainties regarding the mechanical errors of the system [10] , although accuracy is still necessary to perform the NF-FF transformation if no probe-positioning correction algorithms are to be applied. Fig. 1 . Off-axis holography scheme for broadband antenna measurement. The holograms will be studied in the indicated points of the acquisition plane.
2) The technique is not dependent on the geometry of the acquisition either and therefore, nonredundant sampling techniques can be directly applied [20] to considerably reduce the number of acquisition points. 3) Overlapping of the terms of the spectrum of the hologram can be easily controlled by increasing the physical length of the reference antenna branch (see Fig. 1 ) and sampling requirements are the same as the ones required in complex acquisitions with amplitude and phase, i.e., λ/2 [14] . In the conventional off-axis holography, the sampling has to be at least λ/4 [21] - [23] or even denser, and it might also be needed to resort to the use of phase shifters, which are challenging at high frequencies, for less directive antennas to reduce overlapping. The herein presented technique is developed for a PNF acquisition although it can be directly applied to FF acquisitions and used in other geometries. This paper is structured as follows. The proposed phaseretrieval technique is explained in Section II. A simulation example of a broadband antenna in the W -band is shown in Section III. Two measurement setups in the W -and K a -band are presented in Section IV. Finally, main conclusion is drawn.
II. METHOD
The basis of the method for the point-by-point phase retrieval in the TD is developed in Section II-A. After the method is explained, the setup limitations regarding the selection of the main parameters such as the frequency sampling or the position of the antennas and the measurement steps will be addressed in Sections II-B and II-C, respectively.
A. Off-Axis Holography Extrapolation for Broadband Phaseless Antenna Characterization
For the proposed technique, the physical arrangement of the elements is identical to the one in conventional off-axis schemes (see Fig. 1 ). The setup would benefit from the use of a variable attenuator or a variable gain amplifier to level the power of both antenna branches and increase the dynamic range of the system [21] . Keeping a constant dynamic range of the hologram as well as completely illuminating the acquisition plane with the reference signal is mandatory for a low error in the phase-retrieval algorithm.
At each point of the acquisition plane, the field is acquired along a set of equally spaced frequencies giving an interferometric signal
being r the position vector defining the position of the probe antenna in the acquisition plane and w the angular frequency. The asterisk indicates the complex conjugate. E aut is the field radiated by the AUT and E ref is the field radiated by the reference antenna, noting that both E aut and E ref refer to the field component received by the probe antenna. The acquisition process can be repeated for the other component of the field just by changing the polarization of the AUT. Then, by considering only one of the outputs of the directional coupler at a time, the square amplitude of the AUT and the reference antenna can be separately characterized and the modified hologram can be computed as
The inverse Fourier transform (FT) of the modified hologram produces the following signal in the TD, which has to be obtained at every point of the 2W × 2H measurement grid
where ⊗ denotes a convolution, and e aut and e ref represent the inverse FT of the radiated fields. A schematic representation of the modified hologram in the TD is shown in Fig. 2 . The hologram is composed of the two cross-correlation terms thus, to retrieve the amplitude and phase of the AUT, it is necessary to filter the term corresponding to the convolution of e aut ( r, t) and e * ref ( r, t) as indicated in (4) providing no time overlap is present
represents the rectangular time window from t 1 to t 2 . The parameter constraints that allow to perform a correct filtering will be discussed in Section II-B.
Once the signal has been filtered in the TD, last step, as in the conventional off-axis approach, is the removal of the effect of the reference antenna back in the FD
The error of the phase-retrieval algorithm will depend mostly on the separation of the cross-correlation terms in the TD. This separation is determined by the starting times of the signals coming from the AUT and the reference antenna t aut and t ref and from their spread or duration, defined as Δτ aut and Δτ ref , as it can be seen in Fig. 2 , and it will be addressed in Section II-B. 
B. Setup Limitations
According to the modified hologram scheme depicted in Fig. 2 , two conditions can be established: 1) time overlap can be avoided if the first condition of (6) is satisfied for all the sampling points and 2) frequency sampling must fulfill the expression in (7) [14] 
being T the duration of the signal. The first condition, given in (6), can be used to determine whether the position of the antennas and the size of the acquisition plane allow for a correct separation of the spectral terms. Then, from the second condition, given in (7), the minimum frequency sampling that guarantees that all the requirements are met can be obtained.
Since t aut and t ref represent the time that takes the radiation to travel from the reference antenna and AUT to the probe antenna, the previous constraints can be expressed as a function of distance.
Considering a symmetric acquisition plane in relation to the position of the AUT, and regarding the first requirement, as detailed in the first part of (6), worst case scenario corresponds to one of the corners of the acquisition plane on the side closer to the reference antenna ( point in Fig. 1 for an horizontal cut) .
The distance from the source to one of these corners (upper or lower corners of the acquisition plane corresponding to the worst case scenario) can be expressed as follows, neglecting the dispersion that can be introduced by the directional coupler and the antennas: (8) where W and H are the half width and the half height of the acquisition plane, respectively, D is the distance from the aperture plane of the antennas to the acquisition plane, L is the distance between the center of the apertures of the AUT and the reference antenna, and L ef f is the effective length of the transmission line connecting the directional coupler and the reference antenna. The upper limit for the previous condition when W and H go to infinite is given by
The previous condition is expected to be never fulfilled as the geometrical arrangement of the antennas forces L ef f to be larger than the separation between antennas.
The effective length of the transmission line can be increased (and so t ref ) until both cross-correlation terms are swapped (see Fig. 3 ). In this case, the second condition in (6) has to be fulfilled, yielding the following expressions as a function of distance:
where c is the speed of light. According to (11) , to avoid time overlapping, it is necessary that the difference between the effective length of the transmission line and the separation of the antennas will be larger than the spread of the signal due to both antennas.
As the effective length of the transmission line has to be increased, denser frequency sampling will be demanded to correctly retrieve the AUT pattern. The frequency sampling defined in (7) can be expressed as a function of distance as follows:
Finally, as the method relies in the separation of one of the cross-correlation terms in the TD, to be able to filter this term with a minimum error, it is necessary to guarantee that there is no time overlap. The field is acquired over a range of frequencies with a bandwidth B so that it can be expressed as
being w c the angular frequency of the center of the band and Π(x) the pulse function defined as
In the TD, after performing an inverse FT, the field will be spread by means of a convolution with a sinc function modulated with an exponential term, due to the frequency shifted pulse employed in (13) 
The spread of the sinc function, approximately 1/B, could result in the overlap of the TD responses for antennas with narrow bandwidth. For all the aforementioned facts, the method is suitable only for broadband antennas so that the spread of the cross-correlation terms is small enough to allow for a correct filtering of the desired term.
C. Measurement Process
Prior to the AUT characterization, a calibration process, as in conventional off-axis holography, is needed. This calibration process only has to be done once, and consists on a complete characterization of the reference antenna in amplitude and phase in the same frequency range that will be used during the normal operation of the system.
Once the calibration has been accomplished, the following steps have to be performed.
1) A complete spatial acquisition with a frequency sweep at each point is performed considering only the branch of the AUT. The measured power corresponds to |E aut ( r, w)| 2 . 2) With both antennas connected to the outputs of the directional coupler, the acquisition process is repeated and the measured power corresponds this time to the hologram H( r, w). 3) The modified hologram H m ( r, w) is computed as in (2) and the phase-retrieval algorithm is applied. 4) Steps 1-3) are done to retrieve the main polarization of the AUT (the three antennas with the same polarization).
In order to acquire the other component of the AUT, its polarization needs to be changed, while maintaining the initial position of the probe and the reference antenna. Then, Steps 1-3) have to be repeated. Finally, once the amplitude and phase of the AUT have been retrieved for both field components, the FF pattern and the aperture fields of the antenna could be calculated by any suitable method (NF-FF back propagation, source reconstruction technique, etc.).
It is worth noting that the first step, in which the amplitude of the AUT is characterized, is needed to compute the modified hologram, defined as in (2) . This extra measurement allows for the removal of the auto-correlation terms of the hologram easing the filtering process. Furthermore, the final retrieved field of the AUT can be composed with this measured amplitude and the retrieved phase, improving error reduction.
Nevertheless, this first step could be omitted, reducing the number of acquisitions to one at the expense of using larger delay lines to increase the separation of the cross-correlation terms and a denser frequency sampling [see (12) ]. Error is expected also to be slightly higher for this case as |E aut ( r, w)| 2 is not measured and, therefore, the retrieved amplitude should be used.
Processing time for the phase retrieval for the proposed method is comparable to the time needed to retrieve the phase with the standard off-axis holography method. As both methods rely on the use of fast FTs, the time needed to retrieve the phase is in the order of a few seconds for current computers and, therefore, it is negligible compared to the acquisition time of the data, which can vary from one method to another depending on the measurement system features (single frequency and continuous move acquisitions, frequency sweeps, etc.).
III. NUMERICAL EXAMPLE
In order to study the capabilities of the phase-retrieval algorithm for efficient broadband characterization of antennas, a numerical example for the characterization of a dielectric rod antenna will be shown next.
The rod antenna and the reference antenna (a horn antenna with a radiation pattern modeled as a cos q (θ) with q = 1) have been designed and simulated in the W -band, for 201 equally spaced frequency points ranging from 75 to 110 GHz, with the computational electromagnetic software FEKO [28] . The frequency sampling rate has been set so that the requirement of (12) is thoroughly fulfilled.
Separation between the antennas is L = 15 cm and the acquisition plane, defined at D = 50 cm from the AUT antenna, is a 50 cm × 50 cm square with a sampling of 6 mm for both dimensions, being all the distances referred to the center of the aperture planes of the antennas. The reference antenna has a tilt of α = 73
• , so it is pointing to the center of the acquisition plane and is connected to one of the outputs of the directional coupler by means of a transmission line that introduces a delay of 0.8 ns, which corresponds to a L ef f of 144 mm if 0.6 is considered as the velocity factor (see Fig. 1 ). It is important to note that, for alleviating simulation time, sampling is larger than λ/2 for all the frequency band, and therefore, the retrieved data could not be used to perform a conventional aliasing free FF transformation.
Results for the E-plane (y = 0 cut) copolar component are shown to illustrate the setup and the phase-retrieval method capabilities. Fig. 4 shows the modified hologram in the TD as defined in (3) for three different points in the acquisition plane (shown in Fig. 1 with the same color and marker code). Although the position of those cross-correlation terms varies depending on the time the signals need to travel from the AUT and the reference antenna to the probe antenna, there is no overlap between the cross-correlation terms, and the desired term can be filtered for all the acquisition points with a rectangular window defined from −3 to 0 ns. Fig. 5(a) shows the retrieved phase for all frequencies for the worst case of the spatial acquisition: as previously mentioned, this case corresponds to an acquisition point on the left-hand side of the acquisition plane, on the reference antenna side (triangular marker in Fig. 1) ; the points on this side are closer to the reference antenna than to the AUT, so the second expression in (6) is minimized (dashed-dotted hologram in Fig. 4) . As it can be seen in Fig. 5(b) for this case, the phase is retrieved almost without error, being the maximum difference between the reference phase and the retrieved one of 3
• in the central part of the band.
Once the phase is retrieved for all the acquisition points, the NF of the AUT in the acquisition plane can be obtained for each frequency. The measured amplitude and retrieved phase for the frequencies of 75.5 and 92.5 GHz are shown in Fig. 6 . The retrieved phase is compared to the phase obtained from simulations.
The retrieved phase of the AUT for the frequency of 92.5 GHz, central frequency of the band, is in very good agreement with the reference field obtained from the simulations with amplitude and phase data (error of 0.002%). For 75.5 GHz, in the lower part of the band, the retrieved phase has some discrepancies (error of 0.3%).
To quantify the quality of the phase-retrieval method, the following error is calculated for all the frequencies: where · 2 is the Euclidean norm, E sim is the field of the AUT obtained from simulations with phase information, and E ret is the retrieved field of the AUT. The graphical representation of the error is shown in Fig. 7 . Due to the filtering in the TD, the error is higher in the extremes of the frequency band [29] , and therefore, it is advisable to discard the results in those extremes. The range of frequencies contaminated by this error is minimum in the case of using a rectangular window, as the one used in this work. However, it could be of interest to use other windows to reduce the mean error [29] . For this simulation example, mean error of the retrieval algorithm is 0.14%.
IV. MEASUREMENT EXAMPLE
Two measurement examples with different types of antennas with different directivities and working frequency bands are presented to completely validate the method and the Fig. 7 . Error of the phase-retrieval algorithm for the dielectric rod antenna in the W -band. phase-retrieval algorithm. Slight modifications of the basic setup (see Fig. 1 ) such as the use of reflectors or amplifiers are introduced, respectively, in each of the presented setups.
A. W-Band Lens Antenna Measurement
A lens antenna was characterized in the W -band. The measurements were performed with the MilliLab PNF scanner described in [8] . The main components of the setup and the layout can be seen in Fig. 8 .
The lens antenna is a 64-mm circular lens with a 1-cm length WR-10 OEWG feed, and a 20-dB gain horn is used as a reference antenna, both with horizontal polarization. Separation between the center of the aperture of the antennas is 105 mm yielding an effective length (L ef f ) of 63 mm considering a velocity factor of 0.6c. Mirror reflection of the reference signal is used in order to increase the path of the reference branch signal. The reflector, a planar metallic plate of 210 mm × 300 mm, is placed at 220 mm of the aperture plane of the reference antenna with a tilt of 60
• so that the acquisition plane, at 150 mm of the aperture of the AUT, is illuminated with an almost constant amplitude.
The field acquisitions are performed for a cut in the xaxis of 200 mm with spatial sampling of λ m /2, being λ m the wavelength at maximum acquisition frequency (90 GHz). The measurement system does not allow for simultaneous (12) are fulfilled.
With the purpose of quantifying the accuracy of the phaseretrieval algorithm, AUT field amplitude and phase data acquisition is performed; thus, a comparison between the retrieved and the measured phase can be done.
As only a fraction of the bandwidth of the AUT is being characterized, the effect of the sinc convolution defined in (15) will introduce a spread in the cross-correlation terms of the spectrum complicating the filtering of the desired term. Nevertheless, the frequency sampling is enough to retrieve the phase of the AUT with an acceptable error level.
As in the numerical example, the results are presented for the E-plane (y = 0 cut). Fig. 9 shows the modified hologram for three different points in the acquisition plane, using the color code indicated in Fig. 1 . As it is expected, the separation between cross-correlation terms decreases as the probe antenna is closer to the reference antenna, although for this case, the cross-correlation terms associated to the point in the right-hand side of the acquisition plane (opposite to the reference antenna side) are spread, having its maximum in the same position than the terms corresponding to the left-hand side of the acquisition plane. This might be due to some reflections of the reference signal with the holding structure for the AUT, and also due to the poor resolution of the spectrum caused by the sparse frequency sampling.
A comparison between the retrieved and the measured phase for all the frequencies corresponding to the worst case scenario, probe antenna closer to the reference antenna, is shown in Fig. 10(a) . There are some discrepancies that can be clearly seen in Fig. 10(b) , showing the difference pattern. The differences are noticeable in the central part of the band, wherein the measured phase have some abrupt variations that are not present in the retrieved phase, probably due to the low density of the frequency sampling and because the signal level is lower in this section of the band. Fig. 11 shows the measured amplitude and the retrieved phase of the AUT for two different frequencies, 87 and 83.5 GHz. Both results of retrieved phase are in very good agreement with the measurements, being the error of the phase retrieval of 2.73% and 3.24%, respectively, for each frequency. Finally, Fig. 12 shows the error of the phase retrieval for each of the frequencies of the band as defined in (16); mean error is 2.40%. Excluding the extremes of the frequency band, wherein the error rises due to the TD filtering, the highest level of error occurs at 80.8 GHz due to the different level of the signals from the AUT and reference antenna in the acquisition plane.
This could be corrected by employing a variable attenuator to balance the signal level in both branches increasing the dynamic range of the system [21] .
B. K a -Band Pyramidal Horn Antenna Measurement
A 20-dB gain pyramidal horn antenna is characterized in the complete K a -band from 26.5 to 40 GHz in this measurement example. The measurements were done with the TSC-Uniovi PNF scanner [13] . The components and the layout can be seen in Fig. 13 .
The reference antenna, a small horn, vertically polarized, is placed at 200 mm of the AUT (distances are measured from the center of the aperture planes of the antennas) and with a tilt of 52.5
• so that its maximum field is outside the acquisition plane and the illumination of the acquisition plane is as uniform as possible. The reference antenna is connected to the directional coupler by means of an 80 cm coaxial cable whose effective length can be approximated by 48 cm considering a velocity factor of 0.6. The acquisition plane, at 260 mm of the AUT aperture is a 300 mm × 300 mm square. Spatial sampling is 3.7 mm, i.e., λ/2 at 40 GHz. For each spatial point, a frequency sweep of 401 points is performed, to thoroughly fulfill the requirements in (12) . An amplifier is included in the AUT branch to balance the signal level of the AUT and the reference signal. Results are shown for the H-plane (y = 0) cut. The modified hologram in the TD can be seen in Fig. 14 for the three different points in the main cut of the acquisition plane highlighted in Fig. 1 . As it can be clearly seen, all the terms of the modified hologram can be easily filtered. A rectangular window of 8.8 ns wide, centered in the maximum of the corresponding cross-correlation term in the negative side of the spectrum, will be used to filter the hologram in each spatial acquisition point. The retrieved phase for the worst case (point with the triangular marker in Fig. 1 ) is shown in Fig. 15(a) and is in very good agreement with the measured phase. The difference pattern between the measured and the retrieved phase is depicted in Fig. 15(b) . For most of the points, the error is less than 6
• . As in the previous examples, the final retrieved field is composed by the measured amplitude and the retrieved phase, and for this case, it is depicted for 28 and 38 GHz in Fig. 16 . The retrieved fields are in perfect accordance with the measured ones, being the error 0.14% and 1.07%, respectively, for 28 and 38 GHz.
The representation of the error for the complete frequency band, as defined in (16) is shown in Fig. 17 being the mean error value 0.83%. The mean error from 37 to 40 GHz is much more higher (3.68%) than for the rest of the band. Apart from the error introduced in the frequency band edges due to the TD filtering, the level of the reference branch decays in that upper part of the band causing a reduction of the dynamic range of the system, which explains the increase of the error. If the hologram is processed without subtracting the amplitude of the AUT, which means that only one acquisition is needed for each field component characterization, but disabling the possibility of autocorrelation terms removal, the mean error of the phase retrieval increases from 0.83% to 4.12%.
The FF pattern of the data obtained with the proposed phase-retrieval method is computed through the standard planerectangular NF-FF transformation [14] and compared to the FF pattern obtained from a set of NF data with direct phase acquisition. The uncertainty for the peak level and the secondary lobe level (SLL) for both FF patterns is calculated following the procedure described in [30] in order to quantify the error introduced in the FF pattern when using phaseless acquisitions.
The procedure employs the root-mean-square (rms) value of the equivalent stray signal (ESS) obtained as the difference of both FF patterns (the one obtained from amplitude and phase NF data and the one obtained from the phaseless acquisition) to calculate the uncertainty. The uncertainty values together with the rms value of the ESS, are shown in Table I for the frequencies of 28 and 38 GHz.
It is worth noting that for the frequency of 38 GHz, the phaseretrieval error is quite high (see Fig. 17 ) and therefore, higher values of uncertainty are expected.
For this setup, the angular valid margin of the NF-FF transformation is 25
• [14] . The secondary lobes are close to the previous defined limit so the uncertainty values have to be read carefully for this example. Despite of that, the uncertainty parameter for the frequency of 28 GHz is low and the one obtained for the frequency of 38 GHz is acceptable considering the error of the phase retrieval for this frequency is quite high. The uncertainty parameters regarding the peak level are extremely low for both frequencies. Fig. 18 . Comparison of the FF patterns for the horn antenna in the ka-band for the case of using direct FF acquisition, a set of NF amplitude-only data and the phase-retrieval method, and a complex NF acquisition with amplitude and phase. The ESS is calculated for both cases: (a) E θ cut for φ = 0 at 28 GHz and (b) E θ cut for φ = 0 at 38 GHz.
The E θ cut for φ = 0 of the FF patterns and the ESS are shown in Fig. 18 . Finally, a direct FF acquisition over an spherical range is included for comparison purposes. Differences with respect to planar range with NF-FF transformation are mainly due to the planar range truncation error.
V. CONCLUSION
A new efficient method for broadband phaseless characterization of antennas from just two-surface acquisitions is presented. The method is a modification of the conventional off-axis holography scheme and is presented for planar acquisitions, although extrapolation to other geometries is straightforward.
The phase retrieval is done independently point-by-point in the acquisition plane, after the field is acquired for a set of frequencies, by calculating and filtering the hologram in the TD. Therefore, the proposed technique does not depend on neither the acquisition geometry nor the accuracy of the positioners, making the method suitable to work at high frequency bands.
The method does not require increasing the spatial bandwidth to reduce spectral overlapping, as it happens in conventional off-axis holography methods, resulting in less acquisition points. In contrast, time responses overlap of the crosscorrelation terms of the hologram can be easily controlled by introducing enough delay in the reference antenna branch or, alternatively, in the AUT branch.
The error of the phase retrieval and the dynamic range of the system are correlated to the power difference between the AUT and the reference branches; thus, the use of a variable attenuator to help leveling those branches is recommended.
The main drawback is that all the involved components, mainly the AUT, must be broadband. If the antenna is narrowband, the computed time responses will be spread (convoluted with a sinc of width 1/B) and it could result in the overlap of the time domain responses. Also the complete characterization of the reference antenna in the acquisition plane is needed.
The method has been illustrated with several examples in the microwave and millimeter-wave bands. Very good results are obtained for all the studied cases.
